Apparent viscosity (η a ) of texturized whey protein concentrate (tWPC80) produced using supercritical fluid extrusion process was compared with commercial WPC-80 as a function of pH (3.0 to 9.0) and heating temperatures (25 to 80 • C). The tWPC80 exhibited shear thinning behavior and yielded 2 to 10-folds higher η a than commercial WPC-80 at all pH and temperatures studied. The η a of tWPC80 decreased as pH was increased from 3.0 to 9.0. The η a of both samples was always higher at pH 3.0 than at pH 7.0 due to acid-induced aggregation in the former. The ability of the tWPC80 to perform as a food thickening agent was also compared with other commercial thickeners. The tWPC80 offers as a desirable ingredient for many food formulations currently utilizing starches and polysaccharides as texture modifying agents.
INTRODUCTION
Whey protein (WP) concentrate is widely used as food ingredients for its diverse functional characteristics and excellent nutritional value. [1] The functional properties of whey proteins are highly dependent on the source and pretreatment of the whey, extent of protein denaturation, and their compositions. [2, 3] The proteins act as good emulsifying, foaming, thickening, and gelling agents. [3, 4] Modification of physicochemical characteristics of whey proteins, such as conformation, molecular interactions (hydrophobic, disulfide interchange, electrostatic interactions), and molecular weight, accomplished by changing the environmental conditions (pH, ionic strength, temperature), has been shown to modify their functional properties, hence, expanding their utility to the food industry. [5] [6] [7] [8] Heating the whey protein solution at a temperature above 60
• C causes the globular protein molecules to unfold, exposing their hydrophobic groups, thus, enhancing aggregation of the protein molecules, which in turn increases the viscosity of protein solution. At sufficiently high protein concentrations, heatinduced protein gel formation has also been reported. [9] Precipitate, gel, or dispersion have
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been obtained through the alteration of hydrodynamic properties of whey protein polymers by either changing the pH, ionic strength, or heating temperature. [10, 11] Pelegrine and Gasparetto [8] investigated the solubility of whey protein solutions as a function of heating temperature (40-60
• C) and pH (3.5-7.8) on the extent of aggregation of the proteins. An increase in viscosity has been observed by increasing heating time and decreasing the pH. High-viscosity dispersions with pseudoplastic and thixotropic flow behaviors were formed at pH 7.0 and 7.5, whereas weak gels were obtained at pH 6.0 and 6.5. [7] Similar observations were reported by Ju and Kilara [10] and Britten and Giroux. [11] Acidifying WP-polymer dispersions with glucono-δ-lactone induced weak network formation, whereas acidification of heat-treated WP formed particulate gels.
In order to further improve functional properties of whey protein concentrate, a new modification technology of industrial relevance has been developed in the lab using a supercritical fluid extrusion (SCFX) process. SCFX is a novel food processing technology that allows sub 100
• C expansion of extrudates using supercritical fluid carbon dioxide (SC-CO 2 ), which acts as a pH modifier and as a blowing agent. Its distinct low-temperature and low-shear conditions allow the retention of heat sensitive ingredients like proteins. [12] With the combination of controlled shear, heat, and SC-CO 2 along with a highly acidic environment (pH ∼2.9), and in the presence of CaCl 2 (33 mM) and NaCl (64 mM), a novel texturized whey protein concentrate (tWPC80) was prepared from commercially available WPC-80, as described previously by Manoi and Rizvi. [13] The rheological properties of tWPC80 produced under extremely acidic (pH 2.89) and also at alkaline (pH 8.16) conditions were highly stable over a wide range of temperatures (25 to 85
• C). Particulate gels were formed at pH 2.89, while tWPC80 produced at pH 8.16 yielded a grainy texture. The addition of SC-CO 2 has been shown to increase the water holding capacity of the pH-treated tWPC80. The use of dairy-based thickening agents that are able to imitate the texturizing functionality of commercial thickeners, such as modified starch and hydrocolloids, has been a focus of current research. [14] The ability of protein ingredients to impart a high viscosity at a wide range of pH and heating temperature would be advantageous for its application in various food products. Therefore, the objective for this study was to determine the effect of pH (3.0 to 9.0) and temperature (25 to 80
• C) on rheological properties of 10% (w/w) tWPC80 dispersions. An attempt was also made to elucidate the ability of the tWPC80 to act as a food thickening agent in comparison with other commercial thickeners (pregelatinized starch, xanthan gum, carageenan) by using a steady shear test.
MATERIALS AND METHODS

Materials
A commercial WPC-80 (Lactalbumin-49320) was purchased from Leprino Foods Company (Denver, CO, USA). The compositions of the WPC (dry basis) were 81.5% protein (db), 5.5% fat, 4.0% moisture, and less than 3.0% ash. NaCl and CaCl 2 were purchased from (Sigma Chemical Co., St. Louis, MO, USA).
Texturization of WPC by SCFX Process
Texturized whey protein concentrate (WPC-80) was produced using a supercritical fluid extrusion process based on the method established by Manoi and Rizvi. [13] A powder blend consisting of a mixture (by weight) of 94% prehydrated (10% wet basis) WPC-80, 6% pre-gelatinized corn starch (Instant Tender-Jel 419, Tate & Lyle Ingredients, Decatur, IL, USA), 0.6% NaCl (WPC-starch basis) and 0.6% CaCl 2 (WPC-starch basis) (Sigma Chemical Co., St. Louis, MO, USA) was preconditioned at room temperature overnight before feeding to the extruder. The pre-gelatinized corn starch acted as an inactive filler in the extrudate. [12] A pilot-scale Wenger TX-52 Magnum (Wenger Manufacturing, Sabetha, KS, USA) co-rotating twin screw extruder with a length to diameter ratio (L/D) of 28.5 was configured to operate at a screw speed of 180 rpm and feed rate of 35 kg/h. The die was fitted with two circular inserts of 1.2 mm diameter each. The die pressure was maintained at 10 to 15 MPa for continuous SC-CO 2 flow into the protein polymer melt, at the desired rate (2% dry feed basis). A 15% (w/w) HCl solution stream was injected into the extruder at the mixing zone to create a pH of about 3.0 and the extrusion was conducted at 50% (dry feed basis) moisture content. Final product temperature was maintained at 90
• C at the die exit. The extrudate was collected, dried (5-6% moisture content), and grounded using a mill machine (Thomas-Wiley Mill model ED-5, Arthur H. Thomas Co., Swedesboro, PA, USA) to reduce the particle size to less than or equal to 1 mm. The tWPC80 powder was then stored at room temperature in air tight containers until analyzed.
Viscosity Characterizations
Protein solutions containing 10% (w/w) of tWPC80 or commercial WPC-80 were analyzed for viscosity measurement. The concentration was selected as it has previously been shown to be close to sol-gel transition threshold. [15, 16] Two sample preparation methods were employed. For viscosity measurement at 20 to 35
• C, an appropriate amount of protein powder was reconstituted in deionized water to obtain a 12.5% (w/w) protein solution. The solution was stirred at approximately 1000 rpm for 1 h at room temperature. pH was adjusted to the desired level (pH 3.0 to 9.0 ± 0.05) using 1 M NaOH or 1 M HCl. Then the remaining water was added to dilute the solution to 10% (w/w) protein. The solution was further stirred at the same stirring speed for another 1 h, before storage overnight at 4
• C. Prior to testing, samples were stirred for 1 h at room temperature. In our preliminary study, it was found that the pH of protein solutions prepared according to the above method decreased when samples were heated at 40, 50, 60, 70, and 80
• C. Therefore, another preparation method was applied for viscosity measurements at these temperatures. A 12.5% (w/w) protein solution in deionized water was stirred at 1000 rpm for 1 h at room temperature. After overnight storage at 4
• C, the sample was stirred for another 1 h and heated to the desired temperature. The pH adjustment was performed at the temperature intended for viscosity measurement. The remaining deionized water was added to the solution to dilute it to a 10% (w/w) protein solution.
Viscosity Measurements
Apparent viscosity of the protein solutions were measured using a Brookfield rotational viscometer, model RVDV-II+ (Brookfield Engineering Laboratories, Inc., Middleboro, MA, USA) using a ULA spindle connected to a circulating-type bath (HAAKE A81) for temperature control. Sixteen mililiters of protein solution was filled in the viscometer sample adapter and was allowed to equilibrate to the appropriate temperature for 15 min. During the holding time, the spindle was rotated at 20 rpm. Viscosity measurement was performed by ramping up the spindle speed from 30 to 160 rpm, which is equivalent to 36. 69 
where η a is apparent viscosity (mPa.s),γ is shear rate (s -1 ), K is consistency coefficient (Pa.s n ), and n is flow behavior index (dimensionless). Apparent viscosities of samples were compared at 110 s -1 as it is a value in the range of estimates of shear rates in the mouth.
[17]
Comparison of Viscosity of tWPC80 with Other Food Thickeners
Viscosity of tWPC80 containing various protein concentrations (12.5, 15.0, 17.5, and 20.0%, w/w) was compared with xanthan gum (0.5, 1.0, 1.5, and 2%, w/w), carageenan (0.5, 1.0, and 1.5%, w/w), and pregelatinized wheat starch (3.0, 7.0, and 10.0%, w/w) using a Brookfield rotational viscometer. Different concentrations of tWPC80 and commercial thickeners were tested in order to determine the minimum concentration of each sample to achieve comparable thickening capacity (1000 mPa.s). Two types of spindles were used, RV4 and RV7, based on viscosities of the samples. RV7 was used for samples that formed very viscous pastes or gels, whereas RV4 was used for less viscous samples. Viscosity measurement was performed by ramping up the spindle speed from 10 to 70 rpm at every 25 s intervals. The range of spindle speed was selected based on a preliminary study in which erroneous viscosity data was obtained at shear rates greater than 70 rpm, particularly for highly viscous samples. Viscosity data were recorded using Wingather software (Version 2.2) and analyzed using Microsoft Excel (Windows 2007).
Statistical Analysis
Data were analyzed using MINITAB Version 15 (State College, PA, USA). Significant differences (p < 0.05) were determined by analysis of variance using the general linear model and least square means procedure.
RESULTS AND DISCUSSION
Viscosity at 25
• C
The variation in apparent viscosities of commercial WPC-80 dispersions at different pH is illustrated in Fig. 1a . A change in pH altered the viscosity of dispersion. As expected, a significant increase in apparent viscosity of commercial WPC-80 was evident at highly acidic (pH 3.0) and alkaline (pH 8.0) conditions. However, the apparent viscosities of the WPC-80 dispersions measured at pH 3.0 to 9.0 were not significantly changed with increasing shear rate, indicating that at 25
• C the protein dispersions at 10% (w/w) behaved as a Newtonian liquid. According to Delaveau and Jelen [18] and Rattray and Jelen, [19] the changes in apparent viscosity of WPC at low pH were related to acid-induced protein denaturation. The denaturation of α-lactalbumin (α-La) and bovine serum albumin (BSA) at pH 3.5 or lower has been documented by Bernal and Jelen [20] and Boye et al. [21] Singer et al. [22] also indicated that unfolding of globular proteins is frequently accompanied by swelling, an increase in the hydrodynamic radii of protein molecules, and greater molecular inter-entanglements, which contribute to increased apparent viscosity at low pH. The most abundant whey protein, β-lactoglobulin (β-Lg) (∼50% of total whey protein), appearing did not undergo extensive denaturation at ambient temperature and acidic pH. [23] Perhaps, during the manufacture of commercial WPC-80, heat treatments led to some proteins denaturation, rendering the proteins more susceptible to further denaturation by acid; perhaps by this mechanism, β-Lg could contribute to high apparent viscosity at low pH. [19] At pH values from 4.0 to 6.0, moderately viscous systems were observed with little variation in viscosities. This is in agreement with the findings by Rattray and Jelen [19] on WPC-80. The increase in apparent viscosity at alkaline pH can be explained based on the report by Monahan et al. [24] At high pH, protein molecules attained an overall negative charge group in which adjacent portions of the protein start to repel each other due to the high charge density. Consequently, as the protein begins to unfold and the molecules' radius of gyration expands, the viscosity is increased.
The variations in the viscosities of tWPC80 dispersions at pH 3.0 to 9.0 are illustrated in Fig. 1b . A decrease in apparent viscosity when shear rate was increased was observed in most tWPC80 dispersions (pH 3.0 to 7.0). This implied a pseudoplastic flow or shear thinning behavior. [25] However, a Newtonian liquid behavior was observed when pH was modified to 8.0 and 9.0. It is interesting to note that although the apparent viscosities of tWPC80 dispersions were the lowest at pH 8.0 and 9.0, however, the viscosities of the tWPC80 dispersions were always higher by 2-to 10-fold as compared to those of WPC-80 at similar pH (Fig. 1c) . The physico-chemical changes in WPC by SCFX process have been previously described by Manoi and Rizvi. [26] The authors reported that the 20% (w/w) of tWPC80 dispersion contributed approximately 258 times higher viscosity than the unextruded WPC-80 sample. The reactive extrusion of WPC-80 in a highly acidic environment combined with controlled shear and heat in the presence of salts (CaCl 2 and NaCl) and SC-CO 2 yielded tWPC80 ingredients having a highly viscous, creamy texture upon reconstitution in water at room temperature. [12] Table 1 shows the power law parameters; consistency coefficient and flow behavior index for WPC-80 and tWPC80 dispersions measured at pH 3.0 to 9.0 at 25
• C. The coefficient of determination (R 2 ) for all samples were higher than 0.99, supporting the validity for the use of the power law model. The flow behavior index of tWPC80 dispersions at pH 3.0 to 7.0 ranged from 0.48 to 0.56, which was smaller than 1.0, implying a shear thinning behavior, whereas at pH 8.0 and 9.0, the flow behavior index was close to 1.0, supporting the observed Newtonian behavior. The consistency coefficients of WPC-80 dispersions were significantly lower than that of tWPC80 dispersions at all pH by 8 to 157-fold. This was supported by the flow behavior index of WPC-80 that was close to 1.0, implying a Newtonian behavior.
Effect of Temperature on Viscosity
Variation of apparent viscosities with increasing shear rates for 10% (w/w) commercial WPC-80 and tWPC80 dispersions measured at 20, 25, 30, 35, 40, 50, 60, 70, and 80
• C without pH adjustment (as is pH) is represented in Figs. 2a and 2b , respectively. Apparent viscosities of the commercial WPC-80 dispersions measured at 20 to 35
• C were independent on shear rate, implying a Newtonian behavior. However, at higher temperatures (40, 50, 60, and 70
• C) the apparent viscosities increased with shear rates, suggesting a dilatant behavior. This finding was in agreement with Herceg and Lelas, [27] who reported that systems containing 10, 15, and 20% of WPC-80 dispersed in distilled water were dilatant by shear thickening behavior, whereas systems prepared with WPC60 were pseudoplastic by shear thinning behavior. The shear thickening behavior perhaps was attributed to the aggregation of whey protein molecules as the temperature was increased. The presence of the higher number of aggregates caused the system to be more "stiffer" at higher shear rates, which in turn increases the apparent viscosity. This was supported by the presence of large aggregates that were visually noticed in WPC-80 dispersion measured at 80
• C since β-Lg and α-La are known to denature at 75 and 50
• C, respectively. In general, the apparent viscosities of the samples decreased (3.3 to 1.3 cP) when the temperature was increased from 20 to 60
• C, but an increase was observed at 70
• C, indicating initiation of whey proteins aggregation, whereas the apparent viscosity WPC-80 measured at 80
• C was tremendously increased by 18-fold (data not shown) implying a larger number of whey protein molecules were aggregated. Figure 2b shows that all the tWPC80 dispersions measured at 25 to 80
• C behaved as a shear thinning liquid. When compared as a function of temperature, the apparent viscosity exhibited a decrease at 25 and 40
• C, but its trend was reversed as the measurement temperature was increased from 50 to 70
• C. This behavior perhaps was attributed to better water hydration at this temperature range or denaturation of the remaining native protein that was present in the tWPC80. However, lower viscosity at 80
• C was perhaps due to the longer duration of holding and shearing (at 20 rpm) at higher temperature before the temperature of the dispersion was equilibrated at 80
• C, resulting in diminished strength of non-covalent linkages that in turn decreased the apparent viscosity of the dispersion. Figure 2c shows the effect of temperature on the apparent viscosity of 10% commercial WPC-80 and tWPC80 dispersions at a fixed shear rate of 110 s -1 and pH 3.0 and 7.0. The apparent viscosities of the tWPC80 dispersions were generally 2 to 10 times higher than the viscosities of the commercial WPC-80 dispersions at all pH and temperatures studied. It was observed that at room temperature the viscosities of tWPC80 dispersions were higher in the acidic condition (pH 3.0) than in the neutral pH perhaps due to the acid-induced denaturation of native whey proteins in both the WPC-80 and tWPC80. In an earlier study, Rattray and Jelen [19] reported that thermal treatment of acidic WPC solutions (11% and 20%, w/v, protein) at pH values less than 3.5 produced relatively strong gels due to protein denaturation and aggregation.
Comparison with Commercial Food Thickeners
The apparent viscosities of tWPC80 dispersions were compared with some of the common polysaccharide thickeners used in food formulations, including carrageenan, xanthan gum, and pregelatinized starch. All of the thickening agents were prepared at different powder concentrations (%, w/w) to demonstrate their diverse thickening abilities, and the apparent viscosities were compared at the same shear rate. Contrary to tWPC80, carrageenan and xanthan gum were difficult to disperse at room temperature and must be heated to ensure complete dissolution. The comparison of apparent viscosity of tWPC80 with the polysaccharide thickeners at 25
• C is shown in Fig. 3 . Carageenan and xanthan gum exhibited apparent viscosities of about 1000 mPa.s at concentrations of 1.5%. On the other hand, the pregelatinized starch and tWPC80 required higher concentrations (about 6.5% for pregelatinized starch and 16% for tWPC80) to achieve the same viscosity (1000 mPa.s) as carageenan and xanthan gum. Both pregelatinized starch and tWPC80 were readily dispersed without heat input. However, the tWPC80 ingredient offers nutritional benefits not obtained from starches and hydrocolloids currently used in most cold-gelling or instant thickening applications. [28] 
CONCLUSIONS
The WPC80 ingredient demonstrated the ability to impart high viscosity upon reconstitution in water without additional heat input. The tWPC80 dispersions exhibited shear thinning behavior, indicating a typical characteristic of thickening agents used in food systems. The apparent viscosities of tWPC80 dispersions were enhanced in acidic conditions and were ten times higher than the apparent viscosities of their commercial WPC-80 counterpart at ambient temperature. Although requiring higher concentrations, the tWPC80 contributed viscosity and textural characteristics similar to polysaccharide thickeners. Unlike traditional food thickeners, tWPC80 provides a better nutritional value and will be a preferred choice in many applications.
